Proteins with a PDZ (for PSD-95, DLG, ZO-1) and one to three LIM (for Lin11, Isl-1, Mec-3) domains are scaffolding sarcomeric and cytoskeletal elements that form structured muscle fibres and provide for the link to intracellular signalling by selectively associating protein kinases, ion channels, and transcription factors with the mechanical stressstrain sensors. Enigma homolog (ENH) is a PDZ-LIM protein with four splice variants: ENH1 with an N-terminal PDZ domain and three C-terminal LIM domains and ENH2, ENH3, and ENH4 without LIM domains. We addressed the functional role of ENH alternative splicing.
Introduction
PDZ-LIM proteins play important roles in muscle and heart development. 1 These proteins combine two interaction modules, a PDZ domain (named for the proteins PSD-95, DLG, ZO-1) 2 and one to three LIM domains (named for the proteins LIN-11, Isl-1, MEC-3). 3 The PDZ -LIM protein family counts at least 10 members classified in three subfamilies. 4 The first subfamily has five members: ALP (actinin-associated LIM proteins), Elfin, Mystique, LMO7, and RIL (reversion-induced LIM protein). 5 Proteins in this subfamily carry a single PDZ domain and a single LIM domain. Two protein kinases form the second subfamily: LIM kinase 1 (LMK1) and LIM kinase 2 (LIMK2), characterized by a PDZ domain, two LIM domains and a tyrosine kinase domain. 6 The members of the third subfamily are characterized by one N-terminal PDZ domain and three tandem Cterminal LIM domains. This family counts at least four members: Enigma (LMP-1), Enigma homolog (ENH), Cypher (ZASP, Oracle), and LMP-4 (LMP-2). 7 -9 In heart and skeletal muscle, PDZ and LIM domains are important elements of adaptors, which connect mechanical sensors, embedded in specialized cytoskeletal structures (e.g. Z-disc) to signalling proteins. In the heart, proteins with PDZ and LIM domains are necessary to allow embryonic development and adaptive remodelling in response to stress and strain. 1 Indeed, Cypher and ALP have been shown to play two different but essential roles. ALP is essential in the embryonic development of the sarcomeric and cytoskeleton architecture in the right ventricular chamber. 10 Cypher is not directly involved in heart development, but it is essential to maintain the Z-line structure of the sarcomere during muscle contraction.
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ENH is a PDZ-LIM protein expressed in the heart and other tissues. The PDZ domain of ENH1 interacts with a-actinin and localizes ENH at the Z-disc in neonatal rat cardiomyocytes. 12 First discovered as a PKCb interacting partner, 8 its biological function was so far poorly understood. Recently, we identified two new binding partners for ENH1 in cardiomyocytes, namely protein kinase D1, which plays a critical role in the cardiovascular system 13 and a1C, the pore subunit of the L-type voltage-gated calcium channel.
14 Thus ENH1 connects a major signalling pathway with calcium entry required to sustain contractile activity. Although the precise functional importance of these interactions has yet to be demonstrated, these observations point towards a key role for ENH in heart muscle. By alternative splicing, ENH is diversified into at least four isoforms: ENH1 8 , ENH2, ENH3, 12 and ENH4
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. ENH1 is the only isoform that contains the three LIM motifs at the C-terminal domain. ENH2, ENH3, and ENH4 only retain the N-terminal PDZ domain. The four ENH isoforms are expressed in heart and skeletal muscle and are conserved across rat, mouse, and human species, suggesting their physiological importance. 8, 12, 15, 16 What could be the functional relevance of the splice variants? To address this question, we have assessed quantitatively the expression of the ENH splice isoforms in heart at different developmental stages and in a mouse model for cardiac hypertrophy. We found that the four splice variants are differentially expressed in embryo, neonatal, and adult heart. ENH1 is predominant in embryonic heart, whereas the adult heart expressed mainly the truncated isoforms ENH2, ENH3, and ENH4. In heart, hypertrophy induced by transaortic constriction (TAC) in mice ENH isoform expression reverted to a pattern similar to neonatal/embryonic hearts. Furthermore, ENH1 overexpressed in neonatal cardiomyocytes was found to promote the development of hypertrophy, whereas silencing of ENH1 prevented hypertrophy. Surprisingly, overexpression of ENH4 also blocked the development of hypertrophy. Taken together, the data reported here show that alternative splicing of ENH transcripts produces antagonistic ENH isoforms during heart development: embryonic isoform ENH1 may cause, whereas the adult isoform ENH4 may prevent cardiac hypertrophy.
Methods

TAC surgery
Animals used in the present study were treated in conformity with the Guide for the Care and Use of Laboratory Animals published by the NIH (Publication No. 1996) . Protocols and use of animals were approved by Committee for Animal Experiments of both Nagaoka University of Technology and Tokyo Institute of Technology. Transverse thoracic aortic constriction was performed as described 17 on 8-week-old adult mice (C57BL/6, the Jackson Laboratory, Bar Harbor, ME, USA). At hypertrophic phase (8 days after banding) after surgery, animals from the experimental and sham-operated groups were sacrificed and the hearts were removed. Left ventricles were weighed and quickly frozen in liquid nitrogen for total RNA extraction.
Cell culture
Neonatal rat ventricular myocytes were prepared as described. 14 The cardiomyocytes were transferred to culture plates, and fibroblasts were removed by adhesion onto the plates for 1 h. The cardiomyocytes were then plated overnight and maintained in DMEM, containing 10% foetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. Table 1 . As for standard curves, we amplified each ENH fragment with the primer pairs and inserted into pGEM T-easy (Promega). After confirmation of the sequence, the plasmids were used for standard curves.
Real-time PCR
RNA interference
The 'hairpin strategy' was used to design short-interfering RNA. 18 The specific hairpin sequence of ENH1 corresponding to positions 1698 -1718 (RNAi1) or 1452 -1472 (RNAi2) of coding sequence were used to amplify the vector carrying the U6 promoter as described. 14 We selected sequences unique for rat ENH1 in the NCBI cDNA database.
Adenovirus vector constructs
Recombinant human adenoviruses-5 encoding ENH1-FL, ENH4-FL, ENH1 RNAi, and control RNAi were constructed, amplified, and purified as described. 14 
RNase protection assay
RNase protection assay (RPA) was performed as described. 14 
Patch-clamp
The capacitance of single neonatal rat cardiomyocyte was recorded by patch-clamp in the whole-cell configuration and voltage-clamp mode. 
Results
Rat enh gene structure and splice variants expressed in the heart
The enigma homolog (enh) gene is located on chromosome 2 (locus 2q44) of rat genome and the chromosome 3 (locus 3H3) of the mouse genome. The rat enh gene spans 11.96 kb and consists of 18 exons. Figure 1A shows a schematic representation of the genomic organization of the rat enh gene. The first two exons encode a 5 0 -untranslated region; the coding region extends from exon 3 to exon 18. Four splice variants encoded by the enh gene have been described. 8, 12, 15, 16 Figure 1B shows the schematic exonic composition of the four ENH splice variants. ENH1 is the only isofom containing the three LIM motifs in its C-terminal end. ENH2, ENH3, and ENH4 are truncated isoforms that only retain the N-terminal PDZ domain. Exon 12 contains a stop codon; hence skipping of exon 12 leads to the expression of the long isoform ENH1, whereas inclusion of exon 12 produces the three isoforms ENH2, ENH3, and ENH4 with truncated C-terminal. Differential expression between the truncated isoforms ENH2, ENH3, and ENH4 is the result of alternative skipping or rearrangement of exons 6-9.
To detect which splice variants of ENH are expressed in heart, we designed a single anti-sense RNA probe spanning exons 6-12 ( Figure 1A , red line). The probe and the protected RNA fragments after RNase digestion are indicated as a red line on each ENH splice variant in Figure 1A and B. Analysing total RNA extracted from isolated ventricular neonatal rat cardiomyocytes, this probe allowed us simultaneous detection of the four ENH splice variants by RPA (Figure 2A ). ENH1 and ENH2 are strongly expressed, whereas the expression of ENH3 and ENH4 is much lower.
Using the same RPA probe, splicing of the ENH transcript was analysed in rat hearts at different developmental stages: embryonic, neonatal, and adult ( Figure 2B ). Striking changes in the expression pattern of ENH isoforms were observed between embryonic, neonatal, and adult heart. In the adult heart, expression of ENH3 and ENH4 was markedly increased compared with neonatal heart, whereas the expression of ENH1 and ENH2 was reduced. In contrast, in embryonic heart, ENH1 was the most abundant splice variant, different from the neonatal pattern in which the RPA signals from ENH1 and ENH2 are equivalent, and ENH3 is also strongly expressed. The comparison of the RPA signals suggests that during heart development splicing of ENH shifts from the embryonic isoform ENH1 towards the adult isoforms ENH2, ENH3, and ENH4.
For an alternative quantitative assessment of ENH splice variants by real-time PCR, we designed primers and probes to measure the expression of ENH1 and ENH3 variants. The results of real-time PCR ( Figure 2C and D) corroborate the RPA data ( Figure 2B ). Relative to total RNA, the expression of ENH1 is the highest in neonatal heart, and similar in embryonic and adult heart. On the other hand, ENH3 is hardly detectable in embryonic heart tissue and low in neonatal heart, but highly expressed in adult heart tissue. This shift in the levels of ENH1 isoforms is best explained by a change of the alternative splicing of ENH in intron 11. In adult heart, exon 12 is included leading to the short isoforms, whereas in embryonic and neonatal heart, exon 12 with its stop codon is spliced out, leading to the expression of ENH1. Note that this latter type of splicing is maintained in adult heart tissue, possibly in immature cardiomyocytes. Rat ENH1  GGC TCC ACC TGG CAT GAC AAA ATG TCT GCC CTT CCA AAC  TT   FAM-TTG CTT TGT GTG CTC CGT GTG TTG  TG-BHQ1/TAMRA   Rat ENH3  ACC AGC GTG TGT TCC GAG T CGT TTG GGT GGA ATT TTC 
Expression of ENH isoforms in diseased mouse heart
The expression of the embryonic isoform ENH1 in adult heart could be an indicator of heart de-differentiation linked to hypertrophic growth. To test this, we used hearts from mice operated by TAC leading to heart hypertrophy and heart failure. ENH1 expression was measured by real-time PCR in mice hearts following TAC or sham operation (Figure 3 ). In the hypertrophic phase (1 week after TAC, Figure 3A) , the amount of ENH1 was significantly higher than in TAC-operated hearts compared with sham-operated hearts. On the contrary, the cardiac expression of ENH4 was significantly lower in the TAC-operated than in sham-operated animals. The cardiac expression of ENH3 was also lower in the TAC-operated than in sham-operated animals but not significantly (see Supplementary material online, Figure S1 ). Eight weeks after TAC when the mice have become prone to heart failure, ENH1 was no longer significantly elevated over sham-operated hearts ( Figure 3B ). However, expression of ENH3 (see Supplementary material online, Figure S1 ) and ENH4 were significantly lower in TAC vs. sham mice. These results suggest that in cardiac hypertrophy, the expression of ENH1 is favoured, whereas ENH4 is reduced. Hence, with regard to ENH isoform expression, hypertrophic resembles neonatal heart.
Role of ENH1 in a neonatal rat cardiomyocyte model of hypertrophy
Adaptor PDZ-LIM proteins such as ENH are capable to translate mechanical stress signals sensed in the Z-disc to intracellular signalling cascades and gene expression. 1 Indeed, in cardiomyocytes, ENH1
interacts with structural and signalling proteins, i.e. several isoforms of protein kinase C, 8 protein kinase D1, 14 and a-actinin. 12 In the mouse disease model above, arterial constriction leading to mechanical stress caused heart hypertrophy. The associated changes in ENH splicing strongly suggested its implication.
To test a possible causal role of ENH1 in the development of heart hypertrophy, we overexpressed a flag-tagged ENH1 in rat neonatal ventricular cardiomyocytes. Rat ENH1 cDNA was transferred using an adenoviral vector.
14 To monitor quantitatively changes in cell volume, electrical capacitance of the whole-cell membrane was measured by the patch-clamp technique. As is shown in Figure 4A , overexpression of ENH1 significantly increased membrane capacitance and hence cell volume of neonatal rat cardiomyocytes in comparison to control cells. Furthermore, the mRNA levels of three markers of cardiac hypertrophy, namely ANP, BNP, and bMHC, were also significantly increased upon ENH1 overexpression ( Figure 4B ). Taken together, these results suggest that ENH1 promotes the development of cardiomyocyte hypertrophy.
To verify that ENH1 indeed participates in the development of cardiomyocyte hypertrophy, we silenced the expression of ENH1 using small hairpin RNA (shRNA) targeting ENH1 and delivered by adenoviral vectors. 14 We first validated the efficiency of this shRNA to knockdown the endogenous ENH1 expression as well as the stimulated increased expression of ENH1 in ventricular neonatal rat cardiomyocytes ( Figure 5 ). Forty-eight hours after adenovirus treatment, the cardiomyocytes were exposed for 30 h to phenylephrine (20 mM), aldosterone (1 mM), or endothelin I (10 nM) used as hypertrophic stimuli. The expression of ENH1 was then measured by Enigma homolog splice variants role in hypertrophy real-time PCR. All three stimuli induced a significant increase in the expression of ENH1 similar to the observation in TAC-operated mice ( Figure 3 ). This effect was efficiently prevented by ENH1 shRNA. With this effective knockdown of ENH1, we investigated the role of ENH1 in the development of heart hypertrophy. As is shown in Figure 6A , cardiomyocyte cell size measured as whole-cell membrane capacitance was significantly increased by three hypertrophic stimuli: phenylephrine, aldosterone, or endothelin 1. These effects were not seen after ENH1 silencing. Without any treatment, ENH1 silencing did not result in any significant change in membrane capacitance ( Figure 6A) . These data support a central role of ENH1 in the increase of volume of cardiomyocytes upon stimulation with hypertrophic stimuli acting via various intracellular signalling pathways.
As shown in Figure 6B , ENH1 silencing also affected the expression of three marker genes for cardiac hypertrophy: ANP, BNP, and bMHC. The mRNA levels of these genes are increased upon aldosterone, phenylephrine, and ET1 stimulation ( Figure 6B, upper panels) . ENH1-RNAi blocked completely the induction of the cardiac hypertrophic marker genes ( Figure 6B, middle panels) . These results consolidate the role of ENH1 in the regulation of ventricular cardiomyocyte expansion stimulated by hormones which signal vascular stress and hypertension. Interestingly, the silencing of ENH1 changed gene expression and expansion only of cardiomyocytes which were stimulated, whereas steady-state functions of non-stimulated cells appeared unaffected.
The alternatively spliced isoform ENH4 is an antagonist of ENH1
ENH expression in ventricular cardiomyocytes in vivo varies with development and vascular stress not only by changes in transcription but also by changes in alternative splicing. Vascular stress favours the 'embryonic' ENH1 isoform, which plays a causal role for the development of cardiac hypertrophy, whereas in normal adult heart, the short isoforms ENH2, ENH3, and ENH4, which are lacking the C-terminal LIM domains, are predominant. Furthermore, it has been suggested that the LIM domain-deficient ENH isoforms might act as antagonist of ENH1. 12 To test this hypothesis, a FLAG-tagged ENH4 (ENH4-FL) was ectopically expressed in ventricular neonatal rat cardiomyocytes using adenoviral vector. Cardiomyocytes were then stimulated for 30 h with aldosterone (1 mM), phenylephrine (20 mM), or endothelin-1 (10 nM). All three stimuli increased cell size measured as whole-cell membrane capacitance. Stimulated cardiomyocyte hypertrophy was totally suppressed in ENH4-FL expressing cardiomyocytes after stimulation ( Figure 6A) . Importantly, in a nonstimulated state, no change in whole-cell membrane capacitance was observed upon ENH4-FL overexpression ( Figure 6A , third column). The stimulated increase in the expression of the hypertrophy marker genes ANP, BNP, and bMHC was also efficiently prevented by the overexpression of ENH4-FL in neonatal rat cardiomyocytes 
Figure 3
Expression of the splice variants ENH1 and ENH4 in diseased heart of mice. ENH splice-variant expression was examined in mouse heart after transaortic constriction (TAC) leading to cardiac hypertrophy and heart failure. (A) ENH1 (upper) and ENH4 (lower) during the development of cardiac hypertrophy 1 week after TAC or sham operation. ENH splice variants were quantified by real-time PCR using 50 ng of total RNA. (B) ENH1 (upper) and ENH4 (lower) in mice prone to heart failure 8 weeks after TAC or sham operation. ENH splice variants were quantified by real-time PCR using 50 ng of total RNA. Shown are means and SD of three independent experiments from three mouse hearts for each experimental conditions; *significantly different from sham-operated control (P , 0.02). Enigma homolog splice variants role in hypertrophy ( Figure 6B, lower panels) . Taken together, the results presented in Figure 6 strongly suggest that ENH4 can efficiently prevent cardiomyocyte hypertrophy most likely by acting as an antagonist of ENH1. This confirms the central role of ENH isoforms in the development of heart hypertrophy.
Discussion
We report here the changes in the expression of the ENH splice variants at three development stages of the heart (embryonic, neonatal, and adult) and in vascular stress-induced cardiac disease. We present evidence that the (embryonic) ENH1 isoform is not only up-regulated during cardiac hypertrophy, but plays a central role promoting the expression of marker genes and an increase in cardiomyocyte cell volume. Strikingly, overexpression of ENH4, a splice variant lacking the three LIM motifs, prevented ventricular cardiomyocyte hypertrophy induced by vascular stress hormones, suggesting that ENH4 acts as a natural antagonist for ENH1.
Recent genome-wide studies have shown that 70-80% of the human genes are alternatively spliced and that a substantial part of the alternative splicing events are conserved in evolution (10 -20% between mouse and man). 19 It is thus quite evident that the functions of many gene products can only be appreciated by considering the interplay between their various alternatively spliced isoforms. This is well illustrated here: the different isoforms of the PDZ-LIM domain scaffolding protein ENH have strikingly distinct adaptor functions: ENH2, ENH3, and ENH4 which lack the LIM domains will no longer associate with signalling proteins and transcription factors but will maintain the selective association with cytoskeletal elements such as actin and a-actinin. 12 -15,20 Given that we show here by gene silencing a causal relationship between ENH1 expression and ventricular cardiomyocyte hypertrophy ( Figures 5 and 6 ), we could have anticipated that overexpression of a LIM-less ENH isoform such as ENH4 could prevent hypertrophy ( Figure 6 ). Indeed, ENH4 most likely acts as a dominant-negative inhibitor of ENH1 by competing with its PDZ domain for the association with the cytoskeletal proteins such as actin and a-actinin. ENH4 may thus replace ENH1 in the Z-disc complex changing potentially composition, architecture and functioning of this important regulatory multi-protein assembly. 1 Stimuli leading to cardiac hypertrophy favour the (embryonic) ENH1 isoform and repress ENH4. This suggests that hormones which signal vascular stress change the alternative splicing mechanism predominant in mature adult heart back to those which prevail in embryonic or neonatal heart. This is consistent with the transcriptional re-activation of several foetal genes during cardiac hypertrophy. 21 A similar change in alternative splicing has been reported for the large embryonic isoform N2BA of the giant protein Titin whose expression is up-regulated in patients with dilated cardiomyopathy. 22 Thus, ENH is a new example of genes whose expression during cardiac hypertrophy returns to foetal pattern. PDZ-LIM protein family members other than ENH also generate various alternatively spliced isoforms. 6, 23 Alternative splicing allows a tissue specific expression of the different PDZ-LIM protein isoforms, e.g. the cardiac or skeletal muscle specific isoforms of Cypher gene products. 23 Changes in the expression of the different splice variant isoforms during development occur not only for ENH (this study) but also for LIMK1 and LIMK2. 6 Scaffolding by PDZ-LIM proteins is extremely versatile. Not only are there at least 10 genes which encode for PDZ -LIM proteins, but alternative splicing provides a large repertory of different isoforms. This makes it possible that PDZ -LIM proteins can selectively adapt elements of the cytoskeleton with mechanical stress sensors and signalling molecules relating vascular stress. 1 Furthermore, the same family can also structure the specific and highly localized interaction between signalling protein kinases and ion channels. 14 To characterize the precise function of each of these multiple PDZ-LIM protein isoforms in specific tissue and sub-cellular localization and to understand the functional importance of changes in splicing occurring during development and disease present an impressive challenge to future research. ENH1 silencing prevented the stimulated hypertrophy of ventricular neonatal cardiomyocytes, whereas its overexpression promoted hypertrophy ( Figures 5 and 6 ). ENH1 interacts with PKD1 14 a serine/threonine kinase required for pathological cardiac remodelling. 24 In the heart, PKD1 phosphorylates transcription factors, 25 histone deacetylase, 26 sarcomere proteins, 27 and a cardiac calcium channel. 14 ENH1 might play a role in the scaffolding PKD1 at different cellular localization to reach its various targets. Moreover in the brain, ENH1 has been shown to interact with Id2, 20 a transcriptional repressor, which also plays an essential role in cardiac differentiation. 28 We are now investigating the precise role of these complex ENH1 functions in pathological cardiac remodelling. ENH illustrates well the challenge to describe in a comprehensive manner the molecular pathology of heart diseases which may involve a multitude of PDZ-LIM protein isoforms. The mechanisms regulating the splicing of ENH are currently being investigated. Indeed, little is known about the splicing factors and mechanisms which control PDZ-LIM protein gene products. The splice factor ASF/SF2 has been shown to be required for the specific expression of the cardiac isoform of cypher. 29 Given the decisive role for cardiomyocyte development and disease of the different ENH isoforms shown here, it would be of interest to identify the splicing factors and mechanism regulating the expression of the various ENH isoforms. Furthermore, it will be important to determine common elements which may govern splicing in the family of PDZ-LIM protein genes in various cells and tissues. In summary, we have shown that the ENH splice variants are expressed differentially during the development of the heart and that in cardiac hypertrophy the pattern of expression is similar to that observed in embryonic or neonatal heart. ENH1 re-expressed during cardiac hypertrophy plays an active role in the remodelling of cardiomyocytes. Finally, we also show that ENH4, a short splice variant lacking the three LIM domains, acts as an antagonist of ENH1. This latter finding might provide a clue of how to target ENH1 for the prevention of cardiac hypertrophy.
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